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Thermophysical characterization of N-methyl-2-hydroxyethylammonium carboxilate ionic liquids
measured by Domanska and Bogel-Lukasik [48] for N-alkyl-(2-hydroxyethyl)-dimethylammonium (N=2,3,6) bromide and Mahrova et al. [49] who made measurements for N-(2-hydroxyethyl)-N,N,Ntrimethylammonium with a series of sulfonates.
The aim of this study is to obtain significant data on fundamental thermophysical properties and information on thermal stability of N-methyl 2-hydroxyethylammonium PILs with propionate, butyrate and pentanoate anions. The thermophysical properties are the density as a function of temperature, pressure and the heat capacity. The density and its pressure-temperature dependency (PVT behaviour) can be considered as fundamental data for developing equations of state, which are one of the main tools used for thermophysical properties prediction for process design purposes, and solution theories of ILs.
Moreover the derived properties from density as the thermomechanical coefficients (thermal expansivity, isothermal compressibility, and internal pressure) provide useful information on IL structure and molecular interactions. The volumetric behaviour of ILs are described here in terms of the GoharshadiMorsali-Abbaspour equation of state (GMA EoS) which has been developed and found to be valid for polar, non-polar, and H-bonded fluids [50] . The experimental PVT data of the PILs are described by the predictive methods of Gardas and Coutinho (GC) [51] and Paduszyńki and Domańska (PD) [52] .
Experimental data for heat capacity of PILs are still scarce and limited to alkanolammonium PILs.
More data and better understanding of heat capacity are needed for the ''design'' of PILs for specific applications. Moreover when experimentally measured values are not available, the theoretical or empirical methods must be used for their evaluation if the heat capacity is within acceptable limiting values defined by design specifications. The predictive methods are thus required and are an attractive way of obtaining data to make faster progress on modelling, simulation and design of process involving ILs. To date, some predictive models of heat capacity by group contribution methods (GCM) have been reported for ILs [53] . Coutinho et al. [53, 54] developed a method to estimate the heat capacity of ILs based on experimental data collected from the literature applicable to imidazolium, pyridinium and pirrolidinium-based ILs. Another way to estimate the heat capacity of ILs is the use the Joback method for perfect gas heat capacity and the subsequent use of the principle of corresponding states to calculate the liquid heat capacity. In this approach the modified Lydersen-Joback-Reid method developed by Valderrama and Rojas [55] is used to predict the critical properties of ILs. Recently a predictive method based on the mass connectivity index [56] was presented by Valderrama et al. [57] . In this work, we report the results of heat capacity measurements using modulated differential scanning calorimetry for the N-methyl 2-hydroxyethylammonium PILs with propionate, butyrate and pentanoate anions. The experimental results of this work are used to test the predictive models mentioned. By combining the results obtained herein and reliable literature data, the molar heat capacity data of N-alkyl-2-hydroxyethylammonium PILs was correlated with the molar volume over wide temperature ranges.
Experimental

Preparation of the protic ionic liquids
The 2-methylaminoethanol was obtained from Aldrich at 0.99 mass fraction purity and the organic acid was obtained from Sigma with mass fraction purity greater than 0.995. These components were used as received. The PILs used in this work were prepared from stoichiometric quantities of the 2-methylaminoethanol and the organic acids (propionic, butyric and pentanoic) using the methodology detailed in Alvarez et al. [46] .
The amine was placed in a triple necked glass flask equipped with a reflux condenser, a PT-100 temperature sensor for controlling temperature and a dropping funnel. The flask was mounted in an ice bath. The organic acid was added drop wise to the flask while stirring with a magnetic bar at a rate to maintain the reaction temperature below 283.15 K, since the reaction is exothermic, strong agitation (ca.
450 rpm) was applied in order to improve the contact between the reactants allowing the reaction to be completed. Stirring was carried for 24 h at room temperature in order to obtain a final viscous liquid. The reaction is a simple Brønsted acid-base neutralization forming an ionic liquid.
Before each use, the ILs samples were washed several times using suitable solvents to ensure removal of any remaining starting materials. The ionic liquid was further dried under low vacuum (1 Pa) and a small distilled portion of the IL, rich in water and volatile compounds was discharged. Then, under high vacuum (10 -4 Pa) the IL was fully distilled and the distillate purity checked by 1 H NMR and 13 C NMR.
The final water content was determined with a Metrohm 831 Karl Fisher coulometer indicating a water mass fraction lower than 3x10 -4 . Table 1 summarizes relevant information on sample material purities.
Experimental procedure
Experimental densities of the 2-hydroxyethyl(methyl)ammonium ILs carboxylic acid anions were measured using an Anton Paar DMA 60 digital vibrating tube densimeter, with a DMA 512P measuring cell in the temperature and pressure ranges T = (293.15 to 343.15) K and p = (0.1 to 25.0) MPa respectively. Figure 1 shows schematically the installation of the DMA 512P cell and the peripheral equipment used. The temperature in the vibrating tube cell was measured with a platinum resistance probe which has a temperature uncertainty of ±0.01 K. A Julabo F12-ED thermostatic bath with ethylene glycol as circulating fluid was used in the thermostat circuit of the measuring cell which was held constant to ± 0.01 K. The required pressure was generated and controlled with a Pressure Generator model 50-6-15, High Pressure Equipment Co., using acetone as hydraulic fluid. The diameter of the metallic tube was 1.59⋅10 -3 m, and the buffer is more than 1 m in length which guarantees the inexistence of diffusion of the hydraulic liquid in the liquid contained in densimeter cell. [58] .The calibration details for this method can be found elsewhere [59] . The Niesen equation is
where ρ(T, p) and τ(T, p) are, respectively, the density and the vibration period which are both function of temperature (T) and pressure (p). In this work, the measured period at vacuum conditions τ(T 0 =318.15 K, p 0 = 0) = 3886665 μs was used. Water and dichloromethane were used as calibrating fluids. The standard values given by National Institute of Science and Technology (NIST) in the range of temperature 293.15 K to 393.15 K and pressures from 0.1 MPa up to 35 MPa were used. For water, the density data from NIST are specified with an uncertainty of 0.001 % at pressures up to 10 MPa rising at higher pressures in the temperature range of this work but always less than 0.1 % [60]. For dichlorometane, the data obtained in our previous work [61] were used. The uncertainty on density in these data is 0.06 %. The fitting of equation (1) to (pVT) data of water and dichloromethane gives A 1 = 10120.04 kg·m -3 , A 2 = −3.3837 kg·m The influence of the viscosity on the density uncertainty (damping effects on the vibrating tube) was evaluated by us before in a study conducted on phosphonium-based ILs [62] . We have concluded that the uncertainties expected for density due to viscosity of the ionic liquids falls in the interval 0. Figure 2 shows the density as function of pressure for isothermal conditions (the experimental density data for the three ILs are reported in 
Results and discussion
Density
Modelling and prediction
In the present work, we have used the GMA EoS to correlate the density at various temperatures and pressures. The GMA EoS is given as [50] :
where z, V m , and ρ m are the compressibility factor, molar volume, and mass density, respectively. Under isothermal conditions, the quantity given by the equations [50] :
where A 0 -A 2 and B 0 -B 2 are the fitting parameters, and R is the gas constant. They were estimated by fitting equation (2) to data through the Lavenberg-Marquardt method. Table 2 summarizes the molar mass, M, the temperature and pressure range of density measurements, the coefficients A 0 -A 2 and B 0 -B 2 , the standard deviation, σ, correlation coefficient, R 2 , and number of data points, N p used in the fitting. Figure   4 shows the results for the PILs clearly showing that the linearity holds at different temperatures. The density of the liquid at different temperatures and pressures was calculated using GMA EoS in the following form:
The straight lines calculated from equations (2) to (4) with the parameters given in table 2 are plotted in figure 4 . It can be concluded that equation (2) is quite adequate for the analytical representation of (p, ρ, T) data. The ability of GMA EoS to reproduce the density data at different temperatures and pressures may be quantitatively evaluated from the absolute average deviation (AAD%) which is defined as
Using equation (5) for the calculation of the density we have obtained AAD % values less than 0.004 % confirming that the GMA EoS correlates the experimental density data with a high degree of accuracy.
The comparison of the experimental data and the calculated values of density from equation (5) 
The thermal pressure coefficient, γ V , may be calculated as
. On the basis of the thermomechanical coefficients, the internal pressure p i can be calculated according to the relationship
The thermomechanical coefficients for [C 2 OHC 1 NH 2 ] ILs are plotted in figure 6 and their values at the temperature and pressure ranges of the measurements are given as supplementary material (see tables S2
to S4). MPa -1 , while the maximum values are in the range (0.5 to 0.6) MPa -1 , and k T increases in the order
Although rarely used in investigations of ILs, the internal pressure p i provides a useful basis for understanding the nature of molecular interactions in the liquid state. As the internal pressure is related to the isothermal change of entropy per unit volume it is a macroscopic property used for estimating the cohesion of liquids reflecting molecular ordering. On the other hand, the internal pressure is a measure of the change in internal energy of a liquid as it experiences a small isothermal expansion. For each of the PILs studied here, p i is little sensitive to the variation with pressure and temperature. An isothermal decrease with pressure is always observed but the temperature is variable with the nature of PIL. This situation is due to the small range of variation of γ V with temperature and pressure. We have selected two widely applied models to predict (p V T) data: The Gardas and Coutinho [51] and Paduszynki and Domanska [52] models. In the first, the volumes of ions at the reference temperature 
where ρ is the density in kg⋅ m -3 , M is the IL molar mass in kg.mol-1, N is the Avogadro number, V is the molecular volume in mvolumes of the protic ILs obtained by the fitting of equation (11) to the experimental density data are listed in table 3 where the AAD % between fitted and experimental densities is also presented. No values of molecular volumes for the formate anion for purpose of comparison were found in the open literature.
The method of Paduszyńki and Domańska [52] has been recently proposed and is a group contribution method based in the Tait equation, in which the molar volume at reference temperature (298.15 K) and pressure (0.1 MPa) was assumed to be additive with respect to a defined set of both cationic and anionic functional groups. It was developed based on a database containing over 18500 data points for a variety [ ] 
The results of application of the PD model to the PILs of this work are presented in ) coupled with acetate anion. The densities of these ILs were studied over a 60 K range near the ambient temperature and at p = 0.1 MPa and they are predicted by the PD model with average absolute relative deviations ranging from 0.2 % to 2.5 %, i.e., the density deviations are similar to those found for the N-methyl-2-hydroxyethylammonium ILs studied in this work in the given ranges of pressure and temperature.
Thermal stability
An evaluation of the thermal stability of the PILs prior to the study of their thermophysical properties is highly desirable, if not mandatory. The thermal stability study was investigated by HiResMTGA. The thermal stability of the ILs (based on the indexes T on , T 2% , T 5% , T 10% , and T p1 ; see figure 7 and COO] . This trend appears to be a manifestation of the role of the carboxylic acid anions in the thermal stability, suggesting an enhanced thermal stability as the size of that moiety increases.
Finally, it is of interest to notice that the thermal stability of the N-methyl-2-hydroxyethylammonium based ionic liquids reported here is significantly lower than those of a series of quaternary phosphoniumbased ILs liquids recently studied [68] under similar experimental conditions. The thermal stability of N- atmosphere, at a heating rate of 10 K·min -1 ). Although the comparisons made before involve cations which differ by one methyl group and anions with small different alkyl chain extension it remains valid.
The differences can be attributed in part to the different heating and flow rates. Higher heating rates shift TGA curves to the right giving higher decomposition temperatures.
3.3.Heat capacity
In a recent paper, we have presented heat capacities for phophonium based ILs measured by modulated differential scanning calorimetry (MDSC) [68] . [71] , to be used in their group contribution method for aprotic ionic liquids.
To describe the dependency of heat capacity on temperature, the function
was used, where c 0 and c 1 are correlation coefficients to be obtained by least square fitting to the molar heat capacity data. Table 6 summarizes the temperature range of heat capacity measurements, T = (T min to T max ), the coefficients c 0 and c 1 , the standard deviation, σ, correlation coefficient, R, , the AAD %, and the number of data points, N p , used in the fittings. The AAD % is defined as in equation (6) Two predictive methods for the estimation of molar heat capacities of liquids were applied. The Joback method for ideal gas heat capacity with subsequent use of the principle of corresponding states to calculate the liquid heat capacity was used. In this calculation, the modified Lydersen-Joback-Reid method developed by Valderrama and Rojas [55] is applied to calculate the critical properties of ILs. The complete procedure is described in detail by Ge et al. [73] . The Valderrama et al. [57] values is presented for all the alkyl-(2-hydroxyethyl)-ammonium PILs. In figure 9 , the relative deviations between predicted and experimental heat capacities are presented for the PILs considered in this work.
The experimental values were represented by equation (17) . We conclude that for the PILs studied here, [75] showed that this ratio (C p,m /V m ) varied with temperature between values of (1.95 ± 0.02) J⋅K The very high molar heat capacity to molar volume quotient of alkyl-(2-hydroxyethyl)-ammoniums ILs (2.0 to 2.4) make this family of ILs interesting for several thermal applications including heat capacity storage. Therefore in a future work the determination of transport properties such as, thermal conductivity, and viscosity will be object of study.
Conclusions
Experimental density data for N-methyl-2-hydroxyethylammonium cation with propionate, butyrate and · mol -1 . This uncertainty is lower than differences sometimes found in measured heat capacities for a given IL by different authors.
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